Geminin is implicated in regulation of the cell cycle and differentiation. Although loss of Geminin triggers unscheduled DNA rereplication as a result of interruption of its interaction with Cdt1 in some somatic cancer cells, whether such cell cycle regulation also operates in embryonic stem cells (ESCs) has remained unclear. To characterize the Geminin-Cdt1 axis in ESCs and compare it with that in somatic cells, we established conditional knockout (KO) of Geminin in mouse ESCs and mouse embryonic fibroblasts (MEFs). Geminin KO ESCs manifest a large flattened morphology, develop polyploidy accompanied by DNA damage and G 2 -M checkpoint activation, and subsequently undergo apoptosis. Rereplication in Geminin KO ESCs was attenuated by inhibition of G 2 -M checkpoint signaling or by expression of wild-type Geminin, but not by expression of a Geminin mutant that does not bind to Cdt1, indicating the importance of sequestration of Cdt1 by Geminin in G 2 phase. In contrast, Geminin KO MEFs did not manifest disturbance of the cell cycle unless they were treated to force abnormal accumulation of Cdt1. Together, our results indicate that Geminin is a key inhibitor of Cdt1 in mouse ESCs, but that it plays a backup role in MEFs to compensate for accidental up-regulation of Cdt1.
Introduction
Replication of DNA in eukaryotes is strictly regulated so that it occurs only once during each cell cycle, a restriction that is essential for accurate transmission of genomic information from the mother cell to the two daughter cells. DNA replication begins with the formation of a prereplication complex (pre-RC) at replication origins, a process that is known as replication licensing and which takes place within a limited time window from late mitosis to early G 1 phase (Blow & Hodgson 2002; Fragkos et al. 2015) . Given that licensing occurs only before the onset of S phase, no new origin can be licensed subsequently during the cell cycle unless problems arise in S phase. Preservation of genomic integrity thus requires that replication origins are properly regulated, with excess origin licensing leading to reinitiation of DNA synthesis in the middle of or just after the completion of DNA replication, a process that is known as rereplication and which is thought to be a cause of genomic instability (Hook et al. 2007; Neelsen et al. 2013) .
Pre-RCs comprise several protein components including ORC, Cdc6, Cdt1, and MCM2-7 (Fragkos et al. 2015) , among which Cdt1 is thought to be a key regulator of origin licensing in mammals. After DNA replication, Cdt1 is removed from pre-RCs by two principal mechanisms: (i) Cdt1 undergoes ubiquitylation and subsequent degradation by the proteasome. In S and G 2 phases of the cell cycle, Cdt1 is phosphorylated as a result of cyclin-dependent kinase (CDK) activity and is then targeted by the Cul1-Skp2 ubiquitin ligase complex (Li et al. 2003; Sugimoto et al. 2004; Nishitani et al. 2006) . The Cul4-Ddb1 ubiquitin ligase complex also targets Cdt1 through its interaction with proliferating cell Communicated by: Eisuke Nishida *Correspondence: nakayak2@med.tohoku.ac.jp a nuclear antigen (PCNA) during S phase or in response to DNA damage (Hu et al. 2004; Nishitani et al. 2006; Senga et al. 2006) . (ii) Cdt1 is sequestered away from pre-RCs by Geminin during S and G 2 phases (Wohlschlegel et al. 2000) .
Geminin is recognized and targeted for degradation by the anaphase-promoting complex/cyclosome (APC/C) ubiquitin ligase around late mitosis (McGarry & Kirschner 1998; Pines 2011) . The S phase transcription factors E2Fs promote transcription of the Geminin gene, resulting in the reaccumulation of Geminin protein at the beginning of S phase (Markey et al. 2004; Yoshida & Inoue 2004) . The expression of Geminin is thus maintained at a low level from late mitosis to G 1 phase, during which time Cdt1 contributes to origin licensing, whereas Geminin is maintained at a higher level during S to mid-M phase, resulting in inactivation of Cdt1 and prevention of origin relicensing. The Cdt1-Geminin complex exists as a heterohexamer, with the coiledcoil domain of Geminin binding to Cdt1 with high affinity (Benjamin et al. 2004; Okorokov et al. 2004) , and this complex is unable to recruit MCM proteins to replication origins (Lee et al. 2004; De Marco et al. 2009) .
Given this function of Geminin, it might be expected that disruption of the interaction between Geminin and Cdt1 would increase Cdt1 activity and induce rereplication. However, the effect of Geminin ablation on rereplication has been found to be dependent on cell type. Most human cancer cell lines indeed undergo rereplication and rereplication-induced apoptosis in response to disruption of Geminin expression (Melixetian et al. 2004; Zhu et al. 2004; Klotz-Noack et al. 2012) , whereas noncancerous cell lines and some cancer cells including HeLa cells do not manifest rereplication after depletion of Geminin (Machida & Dutta 2007; Zhu & Depamphilis 2009 ). The effect of loss of Geminin in mouse embryonic stem cells (ESCs) has remained unclear. Whereas several studies have shown that ablation of Geminin induces rereplication in ESCs (Ballabeni et al. 2011; Yang et al. 2011; Huang et al. 2015) , others have found that Geminin depletion does not trigger rereplication but rather affects the transcription of genes related to pluripotency or differentiation (Yellajoshyula et al. 2011; Tabrizi et al. 2013) . ESCs have a distinct cell cycle profile that is characterized by a short G 1 phase and a relative increase in the proportion of cells in S phase and which is thought to underlie the rapid cell proliferation required for early embryogenesis (Kapinas et al. 2013) . This difference in cell cycle profile between ESCs and somatic cells might be expected to give rise to differences in other phenotypes.
Whereas a key function of Geminin appears to be to bind to Cdt1 and thereby to inhibit its activity in somatic cells, the function of Cdt1 and the functional relation between Geminin and Cdt1 have not been well explored in rapidly proliferating ESCs. To examine the function of Geminin in ESCs and to compare it with that in somatic cells, we have now established conditional inactivation of Geminin in both mouse ESCs and mouse embryonic fibroblasts (MEFs). We here show that ablation of Geminin induces massive rereplication as a result of unrestrained Cdt1 activity in ESCs, whereas it has no such effect in MEFs in which alternative regulation of Cdt1 activity is intact. (Fig. 1a) . In addition, Geminin protein had almost disappeared from KO ESCs within 24 h after Ad-Cre infection (Fig. 1b) . We found that Geminin KO ESCs became markedly enlarged and flattened and often contained abnormal nuclei at~24 h postinfection with Ad-Cre (Fig. 1c) , whereas Geminin HE ESCs were morphologically indistinguishable from WT cells. The KO cells detached spontaneously from the culture dish under conventional culture conditions, and virtually all of the cells died within 48-72 h after infection. Flow cytometric analysis showed that Geminin HE ESCs underwent a normal cell cycle after Ad-Cre infection, whereas KO ESCs developed massive polyploidy indicative of rereplication as early as 24 h and started to die at~36 h (Fig. 1d) . Quantitative RT-PCR analysis and immunofluorescence analysis of pluripotency markers showed that the expression levels of Oct3/4 and Sox2 in surviving Geminin KO ESCs at 48 h after Ad-Cre infection were similar to those in HE cells, suggesting that the loss of Geminin affects regulation of the cell cycle but not pluripotency (Figs S2,S3 in Supporting Information).
Results

Geminin knockout ESCs develop polyploidy
Geminin KO ESCs accumulate DNA damage, activate the G 2 -M checkpoint, and undergo apoptosis Although Geminin KO ESCs underwent rereplication, they did not manifest discrete 8N or 16N DNA peaks, suggestive of an incomplete and aberrant pattern of overreplication of genomic DNA. This type of unscheduled reinitiation of DNA replication might be expected to result in replication fork collision and the generation of single-strand DNA breaks that might subsequently lead to replication fork collapse and the production of double-strand DNA breaks (DSBs) (Kuzminov 2001) . To examine the KO ESCs for DNA damage, we analyzed them for the presence of damage-induced nuclear foci of the histone cH2AX, an early marker of DSBs that is essential for a proper checkpoint response. We indeed detected nuclear foci of cH2AX in Geminin KO cells from 12 h after Ad-Cre infection when Geminin abundance is~30% of that in WT cells (Fig. 1b) , and they remained apparent until 36 h in most of the cells that were still attached to the dish and sufficiently robust to undergo the immunostaining procedure (Fig. 2a) . These results thus suggested that relicensing in Geminin KO ESCs led to the accumulation of DSBs.
We next examined whether checkpoint pathways were activated in response to DNA replication stress and subsequent DNA damage in Geminin KO ESCs. We first determined the phosphorylation status of Chk1 at Ser 345 , with such phosphorylation being a hallmark of ATR-and ATM-dependent checkpoint activation in response to blockage of DNA replication and certain forms of genotoxic stress (Shiloh 2003) . Immunoblot analysis showed that knockout of Geminin resulted in a marked increase in Chk1 phosphorylation at Ser 345 beginning 24 h postinfection (Fig. 2b) . To clarify at which stage the cell cycle was arrested by Geminin knockout and subsequent checkpoint activation, we determined the mitotic index of cycling ESCs as measured by flow cytometry after staining with antibodies to Ser 10 -phosphorylated histone 3 (p-HH3) and with PI (Fig. 2c) . In contrast to Geminin HE ESCs, the percentage of KO ESCs positive for p-HH3 was decreased substantially at 24 h after AdCre infection and did not recover by 48 h. PI staining further confirmed the emergence of both cells with a DNA content of >4N and dead cells. Activation of p53 during at G2 phase was reported to induce mitotic skip and cellular senescence (Johmura et al. 2014 ) in a p21-and p16-dependent manner. We found that CDK inhibitors such as p16 and p21 were mildly up-regulated in Geminin KO ESCs ( Fig. S3 in Supporting Information); however, a substantial population of Geminin KO ESCs actually showed a sub-G 1 genomic DNA content at 36 h ( Fig. 1d ), suggesting that they eventually had undergone apoptosis but not cellular senescence. These results were thus consistent with our cell cycle and Chk1 phosphorylation data, and they suggested that Geminin KO activates the G2-M checkpoint and induces G2-M arrest.
Massive cell death was observed at 48-72 h after Ad-Cre infection of ESCs to induce deletion of Geminin. A substantial population of Geminin KO ESCs actually showed a sub-G 1 genomic DNA content at 36 h (Fig. 1d ), suggesting that they had undergone apoptosis. Indeed, cleavage of poly(ADP-ribose) polymerase (PARP), a marker of cell death, was also observed from 36 h in KO ESCs (Fig. 2b) . Furthermore, the proportion of Geminin KO ESCs positive for apoptosis as showed by staining with Annexin-V and PI was increased from 36 h (Figs 2d,S4 in Supporting Information). This finding was also confirmed by assay of cells for caspase-3/7 activity ( Fig. 2e) . On the basis of these various data, we concluded that Geminin KO ESCs experience pronounced rereplication, DNA damage, and checkpoint pathway activation followed by G 2 -M arrest and apoptosis. ) and as determined by flow cytometry after staining with annexin-V and PI. Data are means AE SD of biological triplicates. *P < 0.05, **P < 0.01 (Student's t-test) versus the corresponding value for HE. (e) Time course of caspase-3/7 activity normalized by viable cell number for cells as in (a). Data are presented as fold change relative to time zero and are means AE SD of biological triplicates. *P < 0.05, **P < 0.01 (Student's t-test) versus the corresponding value for HE.
Genes to Cells (2017) 22, 360-375 Activation of the G 2 -M checkpoint promotes polyploidy development in Geminin KO ESCs
To examine the functional relevance of Chk1-dependent checkpoint activation to rereplication in response to Geminin ablation, we treated Geminin KO ESCs with caffeine or UCN01 beginning 6 h after infection with Ad-Cre ( Fig. S5a in Supporting Information). Caffeine inhibits both the kinases ATM and ATR (Sarkaria et al. 1999) , whereas UCN01 is an inhibitor of the kinase Chk1 (Busby et al. 2000) (Fig. 3a) . Expectedly, treatment with caffeine suppressed the development of the cell cycle profile, which was characteristic of Geminin KO ESCs in a dose-dependent manner (Fig. S6a in Geminin has been found to interact directly with Cdt1 via its coiled-coil domain. To clarify the molecular mechanism by which Geminin suppresses rereplication in ESCs, we generated rescue constructs that encode green fluorescent protein (GFP)-tagged WT Geminin or a mutant lacking the coiled-coil domain (DCdt1) (Fig. 4a) . We confirmed that the DCdt1 mutant did not bind to Cdt1 in transfected 293T cells ( Immunoblot analysis showed that transfection of Geminin KO ESCs with the vectors for GFP-Geminin(WT) or GFP-Geminin(DCdt1) resulted in similar levels of fusion protein expression in the absence of endogenous Geminin (Fig. 4b) . Flow cytometric analysis showed that the DNA content of Geminin KO ESCs expressing GFP alone increased markedly with time, whereas this increase was prevented by expression of GFP-Geminin(WT) but not by that of GFP-Geminin(DCdt1) (Fig. 4c) . These results thus indicated that the Cdt1 binding activity of Geminin is required for the prevention of rereplication in mouse ESCs. We also transfected Geminin KO ESCs with small interfering RNAs (siRNAs) targeted to
Cdt1 mRNA, which resulted in depletion of the latter by~50% (Fig. S7b in Supporting Information). The polyploidy induced by Geminin ablation was partially suppressed by such depletion of Cdt1 mRNA (Fig. 4d,e) . Together, these results suggested that Geminin sequesters Cdt1 in mouse ESCs and that the rereplication apparent in Geminin KO ESCs results from failure of proper regulation of Cdt1 activity.
Forced accumulation of Cdt1 renders Geminin KO MEFs susceptible to rereplication
In contrast to our present results with ESCs, ablation of Geminin has previously been shown not to result in the development of polyploidy in differentiated cells (Huang et al. 2015) . We confirmed this latter finding by analysis of Geminin KO MEFs. Infection of Geminin flox/flox MEFs with Ad-Cre thus did not trigger rereplication at 48 or 72 h postinfection (Fig. 5a ). We therefore examined whether the regulation of normal ploidy and the cell cycle by Cdt1 in Geminin KO ESCs might differ from that in Geminin KO MEFs. Cdt1 is targeted by several Cullintype ubiquitin ligase complexes, and ubiquitylated Cdt1 is degraded by the proteasome to maintain the proper amount of Cdt1. To investigate whether the proteasomal degradation of Cdt1 might render Geminin dispensable in MEFs, we infected Geminin flox/flox MEFs with Ad-Cre and then treated the cells with MLN4924, an inhibitor of the neddylation reaction required for the enzymatic activity of Cullin-type ubiquitin ligases (Soucy et al. 2009 ). Whereas MLN4924 had no effect on DNA content in the absence of Ad-Cre infection, it increased the proportion of polyploid (>4N) cells among Geminin KO MEFs (Fig. S8a,b in Supporting Information). Furthermore, whereas Geminin ablation or MLN4924 treatment alone did not induce Chk1 phosphorylation with similar efficiencies in the absence or presence of Geminin (Fig. S8c in Supporting Information) .
To determine directly whether rereplication in Geminin KO MEFs indeed requires a higher level of Cdt1, we infected Geminin flox/flox MEFs first with a retrovirus encoding hemagglutinin epitope (HA)-tagged mouse Cdt1 and then with Ad-Cre to induce Geminin ablation (Fig. 5b) . Whereas over-expression of Cdt1 had no effect on DNA content in cells not depleted of Geminin, it markedly increased that in Geminin KO MEFs at 48 h after infection with AdCre (Fig. 5c,d) . Furthermore, the extents of both Chk1 phosphorylation at Ser 345 and PARP cleavage were increased substantially only in the MEFs depleted of Geminin and over-expressing Cdt1 (Fig. 5b) . Similar results were obtained with cells at 72 h after Ad-Cre infection (Hosogane et al., unpublished data).
Given that MEFs deficient in Geminin were previously shown to manifest an increased susceptibility to senescence (Iliou et al. 2013) , which might be expected to have an inhibitory effect on rereplication, we examined whether immortalization induced by retrovirus-mediated expression of the large T antigen of simian virus 40 (SV40LT) triggered polyploidy in Geminin KO MEFs. Whereas control Geminin Genes to Cells (2017) 22, 360-375 continued to proliferate for at least 15 days after such infection (Fig. S9a in Supporting Information) . Expression of SV40LT by itself induced a small increase in the proportion of polyploid cells, but this effect was not enhanced by Geminin deletion (Fig. S9b in Supporting Information) . We therefore concluded that senescence did not contribute substantially to the sensitivity of MEFs to rereplication induced by Geminin knockout. Together, our results thus suggested that Geminin plays a backup role in MEFs to prevent rereplication, functioning in this regard only in the event of abnormal accumulation of Cdt1.
Discussion
We have here uncovered the role of Geminin in control of the cell cycle in mouse ESCs and MEFs. We generated a floxed allele in which exons 5 and 6 of Geminin, which encode the Cdt1 binding domain of the protein, are deleted on exposure to Cre recombinase. Geminin KO ESCs manifested pronounced rereplication, accumulation of DNA damage, G 2 -M checkpoint activation, and apoptosis. Moreover, rereplication in these cells was suppressed by expression of WT Geminin but not by that of a mutant that lacks the Cdt1 binding domain, indicating that aberrant cell cycle regulation in Geminin KO ESCs is due to the loss of Geminin binding to Cdt1. In contrast, our results suggest that, in MEFs, Geminin plays a backup role to prevent aberrant activation of Cdt1. Together, our findings indicate that Geminin, a well-known cell cycle regulator, is a principal inhibitor of Cdt1 function in mouse ESCs but not in MEFs.
Replication-and differentiation-related phenotypes in Geminin KO ESCs
Geminin was initially characterized as a protein that both expands the neural plate as well as inhibits DNA replication in early Xenopus embryos, suggesting that it plays important roles in both cell differentiation and the cell cycle (Kroll et al. 1998; McGarry & Kirschner 1998) . We and others previously found that Geminin null mouse embryos die before implantation, hampering efforts to examine the role of the protein in early mammalian embryogenesis (Gonzalez et al. 2006; Hara et al. 2006) . Whereas several studies have examined mouse ESCs to provide insight into the function of Geminin in pluripotent cells and early embryogenesis (Ballabeni et al. 2011; Yang et al. 2011; Yellajoshyula et al. 2011; Tabrizi et al. 2013; Huang et al. 2015) , we have now shed light on the contribution of the Geminin-Cdt1 axis to rereplication in ESCs and MEFs.
Degradation of Cdt1 by the PCNA-dependent pathway is not active in somatic cell lines during G 2 phase (Arias & Walter 2007) , rendering the cells susceptible to rereplication induced by Geminin ablation (Klotz-Noack et al. 2012) . The G 2 -M checkpoint is activated by the low level of rereplication initially induced by Geminin knockout, and it has been suggested that such checkpoint activation suppresses cell death or provides time for amplification of rereplication by maintaining cells in G 2 phase (Melixetian et al. 2004; Klotz-Noack et al. 2012) . We found that the up-regulation of p21 and p16 in Geminin KO ESCs consistent with the findings of Johmura et al. (2014) in which they found these are induced by tetraploidization through the action of a mitosis skip in somatic cells. However, it is known that even over-expression of p16 in ESCs does not induce cell cycle arrest (Savatier et al. 1996) . Furthermore, Geminin KO ESCs eventually undergo apoptosis, so that we conclude that the up-regulation of p16 and p21 only have minor roles in Geminin KO ESCs. We found that caffeine and UCN01 each inhibited rereplication in Geminin KO ESCs, implicating Geminin in the prevention of premature origin licensing during G 2 phase in mouse ESCs. Although an inhibitory role for Geminin in premature origin licensing has previously been described in some human cancer cell lines (Melixetian et al. 2004; Zhu & Depamphilis 2009; Klotz-Noack et al. 2012) , mouse ESCs are thought to represent a more physiological setting for demonstration of Geminin function as an inhibitor of rereplication, given that cancer cell lines frequently harbor mutations in cell cycle checkpoint components. Whereas the cell cycle profile of ESCs, which is characterized by a short G 1 phase and relative increase in the S phase population, differs from that of somatic cells (Kapinas et al. 2013) , we conclude that Geminin functions to sequester Cdt1 in G 2 phase as a universal cell cycle regulator.
Some studies have shown that depletion of Geminin in mouse ESCs induces neither polyploidy nor apoptosis, but rather attenuates pluripotency and differentiation potential (Yellajoshyula et al. 2011; Tabrizi et al. 2013) . In contrast, our results support the notion that Geminin is essential for prevention of rereplication and subsequent apoptosis in ESCs, and they are largely consistent with those of another previous study (Huang et al. 2015) . It is possible that the small amount of Geminin remaining in the nucleus of cells as a result of inefficient knockdown or Cre induction might be sufficient to inhibit Cdt1 activity but not to maintain pluripotency in ESCs, resulting in differentiation toward the trophoblast or neural lineage (Yang et al. 2011; Yellajoshyula et al. 2011 ). Under our experimental conditions, we detected rereplication in ESCs beginning at 24 h and a gradual increase in rereplication-induced apoptosis for up to 72 h after the induction of Geminin deletion by Ad-Cre infection. Although we analyzed several trophoblast markersincluding Gata6, Cdx2, Hand1, Elf5, and Eomes-the expression of only Hand1 was reproducibly and substantially up-regulated in Geminin KO ESCs (Fig. S3 in Supporting Information and Hosogane et al., unpublished data), suggesting that the gene network related to trophoblast differentiation is not activated in these cells. Given that gene expression was influenced by cell death during the experimental time window, it is difficult to address the role of Geminin in lineage specification in our analysis.
Geminin possesses several functional domains, some of which interact with transcriptional regulators such as Brg1, Hox proteins, and Polycomb repressive complex (Luo et al. 2004; Seo et al. 2005) . Analysis of Geminin mutants with an intact Cdt1 binding domain but lacking binding sites for other factors may provide insight into the effect of Geminin on transcriptional control without induction of rereplication.
Differential regulation of Cdt1 activity in MEFs and mouse ESCs
We found that Geminin deficiency induces rereplication in mouse ESCs but not in MEFs. There are at least two possible explanations for this difference: (i) Mouse ESCs possess a larger number of licensed origins than do somatic cells, with these extra origins being normally maintained dormant under physiological conditions (Ge et al. 2015) . Whereas these extra origins are not deployed during the normal cell cycle in ESCs, they might be activated in Geminin KO ESCs. Dormant origins are defined as origins at which a pre-RC has formed but is not converted to active DNA replication machinery in S phase (Alver et al. 2014) . The fact that Cdt1 is not thought to contribute to this activation step argues against this possibility, however. (ii) The amount of active Cdt1 released by loss of Geminin differs between ESCs and MEFs. We increased the amount of Cdt1 protein in MEFs by two different approaches. We first found that rereplication did not occur in cells treated only with MLN4924. Given that MLN4924 is thought to inhibit Cdt1 degradation (Soucy et al. 2009; Lin et al. 2010) , the increased amount of Cdt1 in cells exposed to this agent might thus be sequestered by Geminin in WT cells. Indeed, the combination of Geminin ablation and MLN4924 treatment induced rereplication, probably as a result of the accumulation of Cdt1. As an alternative approach, we transfected MEFs with an expression plasmid encoding Cdt1, and we confirmed that Cdt1 overexpression induced rereplication only in combination with Geminin deletion. This finding is consistent with previous results showing that over-expression of Cdt1 induced pronounced polyploidy in HeLa cells only in combination with knockdown of Geminin (Nishitani et al. 2006) . Together, these findings thus suggest that although Geminin appears not to play a role in preventing rereplication in MEFs under physiological conditions, it suppresses the effect of abnormal accumulation of Cdt1. This conclusion also may imply that the activity of Cdt1 degradation pathways is low in mouse ESCs, rendering Geminin a major regulator of Cdt1. Furthermore, examination of the activity of degradation pathways mediated by Cul1-Skp2 or Cul4-Ddb1 during the cell cycle in mouse ESCs will be required to confirm this possibility.
Experimental procedures
Derivation of ESCs
LoxP sites flanking exons 5 and 6 were inserted in one Geminin allele of E14 mouse ESCs (American Type Culture Collection) to yield a Geminin flox/+ ESC line (clone Fw4-59). A targeting vector containing a genomic fragment in which exons 5 and 6 of Geminin had been replaced with a PGK-neopoly(A) (neo) cassette (Hara et al. 2006) 
Generation of mutant mice and isolation of MEFs
Geminin flox/+ ESCs (clone Fw4-59) were microinjected into C57BL/6 mouse blastocysts, and the resulting male chimeras were mated with female C57BL/6 mice. Germ-line transmission of the mutant allele was confirmed by Southern blot analysis (Hosogane et al., unpublished data) . Heterozygous offspring were intercrossed to produce homozygous mutant animals, from which MEFs were isolated as described previously (Ishikawa et al. 2008) .
Cell culture and inhibitor treatment
Embryonic stem cells were cultured initially on mitomycin Ctreated STO feeder cells in gelatin-coated culture dishes containing ES medium supplemented with leukemia inhibitory factor (LIF) (ESG1107; Merch Millipore, Darmstadt, Germany) at 1000 U/mL. ES medium comprises Dulbecco's modified Eagle's medium (Sigma-Aldrich, St Louis, MO, USA) supplemented with 15% ESC-qualified fetal bovine serum (SH30070.03; GE Healthcare, Chicago IL, USA), 2 mM L-glutamine (Thermo Fisher Scientific, Waltham, MA, USA), 0.1 mM MEM nonessential amino acids (Thermo Fisher Scientific), 1 mM sodium pyruvate (Thermo Fisher Scientific), penicillin-streptomycin (50 U/mL, Thermo Fisher Scientific), and 0.05 mM b-mercaptoethanol (Sigma-Aldrich). The cells were maintained at 37°C under 6% CO 2 and split every other day. 293T cells, Plat-E cells, and MEFs were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (10270-106; Thermo Fisher Scientific), 2 mM L-glutamine, 0.1 mM MEM nonessential amino acids, 1 mM sodium pyruvate, and penicillin-streptomycin (50 U/mL). For checkpoint inhibition, unless otherwise noted, ESCs were exposed to 4.25 mM caffeine (SigmaAldrich) or 100 nM UCN01 (Sigma-Aldrich) beginning 6 h after infection with Ad-Cre. For inhibition of neddylation, MEFs were exposed to the indicated concentrations of MLN4924 (Active Biochem, Maplewood, NJ, USA) beginning 12 h after infection with Ad-Cre.
Alkaline phosphatase staining
Embryonic stem cells (1 9 10 4 per well) were cultured for 3 days on feeder cells in gelatin-coated 24-well plates containing ES medium supplemented (or not) with LIF (1000 U/ mL). The cells were then stained with the use of an Alkaline Phosphatase Detection Kit (Millipore).
Ad-Cre infection
For conditional KO of Geminin in ESCs, Geminin flox/À cells were separated from the feeder layer and cultured in gelatincoated dishes without feeder cells for 2 days in ES medium supplemented with LIF (2000 U/mL). Proliferating cells were collected by exposure to trypsin, incubated for 1 h at 37°C with culture supernatants containing Ad-Cre, and plated in gelatin-coated culture dishes without feeder cells. Conditional KO of Geminin in MEFs was similarly carried out by infection with Ad-Cre.
Quantitative RT-PCR analysis
Total RNA was isolated from cells and purified with the use of an SV Total RNA Isolation System (Promega, Fitchburg, WI, USA). Complementary DNA was synthesized from the RNA by RT with the use of a PrimerScript RT reagent kit (Takara Bio, Shiga, Japan) and was subjected to real-time PCR analysis with a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) and Fast SYBR Green Master Mix (Thermo Fisher Scientific). Data were analyzed according to the 2 ÀDDCt method and were nor- Analysis of the cell cycle, mitotic cells, and apoptosis by flow cytometry
For analysis of cell cycle profile, cells were incubated with 10 lM BrdU (Sigma-Aldrich) for 30 min (ESCs) or 90 min (MEFs) and then stained with PI (Sigma-Aldrich) and fluorescein isothiocyanate (FITC)-conjugated antibodies to BrdU (BD Biosciences, San Diego, CA, USA) as described previously (Ishikawa et al. 2008) . For detection of p-HH3-positive cells, ESCs were fixed with 4% paraformaldehyde for 10 min at 37°C, permeabilized with 90% methanol for 30 min on ice, and incubated with rabbit antibodies to p-HH3 (06-570; Millipore) at a dilution of 1 : 50. Immune complexes were detected with Alexa Fluor 488-conjugated goat antibodies to rabbit immunoglobulin G (IgG) (A-11008; Thermo Fisher Scientific), and the cells were counterstained with PI. For detection of apoptosis, ESCs were stained with FITC-conjugated annexin-V and counterstained with PI (Annexin V-FITC Apoptosis Detection Kit, BD Pharmingen). Flow cytometric analysis was carried out with an LSR Fortessa or FACSCanto II instrument (BD Biosciences), and corresponding figure panels were generated with the use of FLOWJO software (Tomy Digital Biology). Cdt1 RNA interference
Restoration of Geminin expression
Embryonic stem cells infected with Ad-Cre for 1 h were transfected with a Cdt1 siRNA mixture or control Stealth RNAi duplexes (Thermo Fisher Scientific) with the use of Lipofectamine RNAiMAX (Thermo Fisher Scientific). The three different Cdt1 siRNA sequences pooled for transfection were derived from ON-TARGETplus Mouse Cdt1 (67177) siRNA (GE Dharmacon, Lafayette, CO, USA) and were as follows: 5ʹ-GCACGGAUACCUACGUCAA-3ʹ, 5ʹ-GGUU ACGGCUGCCUGGAUU-3ʹ, and 5ʹ-GCACUGCUA-GAGCGGAUAA-3ʹ.
Forced expression of Cdt1 or SV40LT by retrovirus infection
Complementary DNAs encoding HA-tagged mouse Cdt1 or SV40LT were subcloned into the pMX-puro vector, and the resulting constructs were introduced into Plat-E packaging cells by transfection with the use of the FuGENE6 reagent (Promega). Culture supernatants containing recombinant ecotropic retroviruses were isolated for infection of proliferating MEFs in the presence of polybrene. The infected cells were subjected to selection in medium containing puromycin (5 lg/mL) for 2 days. The population doubling level (PDL) of the cells was calculated by adding [log(cell number at passage) À log(cell number at last passage)]/log(days during passage) at each passage.
goat IgG (A11056; Thermo Fisher Scientific). Cell nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI). The cells were finally covered with a drop of Fluoromount (Diagnostic Biosystems) and examined with a Delta Vision (Seki Technotron) or BZ9000 (Keyence) microscope.
Caspase-3/7 assay
Embryonic stem cells infected with Ad-Cre were seeded in triplicate at a density of 2 9 10 4 per well in a 96-well plate and incubated for the indicated times, after which caspase-3/7 activity was measured with the use of a luminescence-based CaspaseGlo 3/7 assay kit (Promega) and a luminometer (Atto, Tokyo, Japan). As a negative control, the Glo reagent was added to culture medium. Caspase-3/7 activity was normalized by the number of viable cells determined with the use of a Cell-Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan). Absorbance was measured at a wavelength of 450 nm with the use of a microplate reader (Bio-Rad, Hercules, CA, USA).
Statistical analysis
Statistical analysis was carried out with the unpaired, two-tailed Student's t-test. P values of <0.05 were considered statistically significant and are indicated in figures.
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